Introduction
The Isère is a particularly good indicator of the hydro-sedimentary functioning of a large Alpine drainage basin. Although it is only a medium-sized tributary of the Rhône in terms of its contribution to the latter's volume, the Isère nevertheless plays an important role in the Rhône's flux of suspended and dissolved matter. However, there have been very few studies of the transit of suspended matter in the Isère, and certain quantifications and estimations of solid flow rates at Grenoble, where the basin has an area of 5720 km², are still sometimes based on Pardé's 1925 estimation of 19.9 Mt yr -1 [24] , itself calculated from the observations of Müntz and Lainé [22, 23] . Nearly twenty years later, Pardé [25] concluded that his own original evaluation had been completely wrong, and revised his estimation of SM flux as being closer to 3.1 Mt yr -1 , before publishing a new estimation of between 4 and 6 Mt yr -1 in 1964 [26] 1 . Recent attempts to assess sedimentary flux by Vautier [38] and Allain Jegou [2] clearly show the lack of information on the transit of suspended matter in the Isère.
However, managing a water course requires an accurate, up-to-date quantification of fluxes in order to assess the potential amount and rate of sedimentation, as the latter are factors in elevating a riverbed's level, thus directly impacting on the protection provided by embankments. The aims of the present study were therefore to quantify the flux of the Isère at Grenoble and to evaluate the evolution of sedimentary transit since 1960. To this end, regular and continuous measurements were made between January 1995 and December 2005.
The drainage basin under consideration, upstream from Grenoble, covers an area of 5720 km² in the Northern Alps ( Figure 1 ). The Isère is mainly fed by snow and rain, with high water levels from May till July, characteristic of a mountainous catchment area, more than 70% of which is above an altitude of 1000 m. The mean annual flow of the Isère is 183 m 3 sec -1 over the reference period of 46 years beginning in 1960, when the hydrological station used in this study was opened) (Diren, Banque Hydro: W1410010). The last century was a relatively quiet one for the Isère, since the highest recorded flow rates scarcely reached half the maximum 2000 m 3 sec -1 observed during the last great flood in 1859 [11] . The ten-year extreme event is generally estimated at around 760 m 3 sec -1 , the fifty-year event at 1000 m 3 sec -1 , and the hundred-year event at over 1600 m 3 sec -1 [38, ; other studies have given slightly higher figures [2, 40] . 
Method
Beginning in 1994, equipment allowing the flux of dissolved and suspended matter (SM) to be observed was progressively set up at the hydrometric station run by the Institut National Polytechnique de Grenoble (INPG) on Grenoble University Campus [28] .
An automatic sampler on the left bank enabled SM concentrations to be measured from 500 ml samples; the measurements were carried out by filtering with 0.45 m membranes and weighing. Measurements were made twice-daily from 1995 to 2004, then daily from January 2005 onwards. They were carried out by J.L. Peiry from 1995 to September 1999 [28] , and by the present author since that time. The regularity of sampling and the high number of samples analysed, over 7200 in all, enabled daily SM fluxes to be worked out fairly accurately and monthly and yearly figures to be calculated with a reasonable degree of confidence.
Two turbidity gauge (Partech IR40C et IR15C) enabled certain missing data to be completed. However, the concentrations they measured sometimes showed sharp turbidity peaks due to the smearing or severe clogging of the gauges' optical systems. Such errors cannot yet be completely eliminated by new systems equipped with wipers and which were tested for a short time in the Isère. Studies of sedimentary transit in the Rhône have made the same observations [4] . Although such artificial peaks can be quite easily discerned, the relationship between sampling data and turbidity gauge data is sometimes poorly correlated due to the interference of texture, colour and undoubtedly various degrees of sediment aggregation, with the optical measurements [13, 15, 31] . This, plus the fact that the relationships between concentrations obtained from optical measurement and those from samples taken over short periods remain significant, is the reason why turbidity measurements have been used here simply to fill out incomplete data.
Along with constant measuring, over fifteen full gaugings were carried out, enabling the selective measurements to be compared to the actual mean concentrations of the wet-area cross-section. They were done with Isère flow rates recording between 105 m 3 sec -1 (10 October 2002) and 348 m 3 sec -1 (17 May 2001) . The hydrological conditions corresponding to these gaugings (dates, flow rates, etc.) were described in a previous article [10] . In order to assess the evolution sedimentary transit over several decades, data from the hydrological station located a little way downstream from the Grenoble-Campus station (1960 -2005 : Diren W 1410010) were used in the present study. However, the choice of this downstream station, where no full gauging has yet been carried out, made it necessary to resort to the method of estimating the mean concentration (Cm) over the whole cross-section, based on the sampled concentration (SM fixed ), and the following regressive model [10 The mean daily corrected concentration was then calculated from the two daily samples (Cmd, in mg litre -1 ).
Results

Anthropogenic impacts on the quantification of SM flux
In their estimations of sedimentary transit, studies based on regular sampling, or a fortiori based on the extrapolation of limited measurements with SM = f(Q) relationships, seldom highlight bias due to certain human activities directly affecting the water course (maintenance, the consolidation of riverbanks, development projects, etc.). Such short-term activities are fundamentally different from structural modifications of the river basin directly or indirectly linked to more permanent types of human activity such as deforestation, reafforestation, fire, land use changes, agriculture, urbanisation, etc., which often lead to long-term variations in sedimentary flux, and whose cause or causes can be both understood and evaluated [20, 44] .
Desperate attempts to identify relationships between concentrations, SM flux and liquid flow rates seem hardly worthwhile when such impacts become primordial with respect to the sedimentary transit of a water course. From January 2005 to July 2006, the Isère was thus subjected to major development work on its flood-banks about one km upriver from where this study's samples were taken, on the territory of the town of Gières. This had a significant effect on measurements, as the work resulted in considerable discharges of sediments over about 2300 m with the building of a temporary track at the foot of the flood-bank. The track was made from gravel and silt scooped directly from the riverbed. The highest mean daily concentration (Cmd) since the sampling instruments were set up was thus recorded on 18 April 2005, with an average of over 15.5 g L -1 for the sector. The same year, observed sedimentary flux was for the most part a direct result of anthropogenic disturbance, giving an annual transit some 7.5 Mt higher than what would have normally been expected (see Table 2 ).
To a lesser degree, work on building the Maurienne motorway in the Arc River valley, begun in 1994, involved the consolidation of embankments and the building of civil engineering structures (in particular the Aiton, Saint André and Escalade viaducts), and interfered with the assessment of daily sedimentary flux. This was especially true in 1994 and throughout 1995, when the work was mainly taking place in the area downriver from the Arc Valley, not far from its confluence with the Isère. In 1995 the recorded sedimentary flux was a great deal over the "normal", most likely more than 2.5 Mt in comparison with an annual transit undisturbed by human activity (see Table 2 ).
Seasonal sedimentary variations
For the above reasons, and in order show the Isère's monthly characteristics as well as its seasonal SM transport model [20] , the years 1995 and 2005 have been eliminated from the monthly and yearly statistics (Table 1) . For the period from 1996 to 2004, the means, deciles and medians of concentration, as well as the mean flux, calculated from the daily figures, give a good indication of the Isère's sedimentary transport model (Table 1) .
Seasonal variations in sedimentary flux are in relative agreement with the rain-snow regime of the Isère. If the concentration model shows up in the means (monthly variation index: 4.2), it becomes even clearer in the upper deciles, where the monthly differences are greater (monthly variation index: 5.9). In contrast, the mean specific flux, with a peak in May and a lesser one in March, is less characteristic of seasonal variations, as it depends too much on sedimentary transfers linked to rising water levels. The maximum specific solid flow rate, for example, directly linked to rising-water periods, accounts for 47% of the variation in mean monthly solid flow, whereas deciles and medians are independent of such extremes. It is clear that days with a flux of around 63 t km² d -1 (in one single day, 14 January 2004, a flux equivalent to 23,000 t km² yr -1 was recorded) will certainly have an influence on monthly means. Medians and (especially) upper deciles, less influenced by extreme events, themselves independent of the seasons (three major rises in the river level were observed in May, March and January respectively), seem the most pertinent factors to use in describing seasonal fluctuations of SM flux. They highlight the strong seasonal variations in sedimentary transit, superior to 15 (from 0.3 to 5.1 t km² day -1 ) for the upper deciles of specific flux ( Table 1 ). The months of May and June clearly show the importance of snow melt in sedimentary production.
The importance of periods of rising water in sedimentary transit
As with most rivers [21, 29, 36, 37, 42, 43] , the times at which the Isère rises are those accounting for most of its annual sedimentary transit. The evolution and quantities of suspended matter carried by the river during periods of rising water were closely monitored by means of twice-daily sampling. ). With transits of over 1 million tonnes in ten days for the first two and half a million tonnes in four days for the third, these three episodes were typical examples of the importance of this type of event. They accounted for 34%, 39% et 30% respectively of the annual tonnage (equal to 3. Duration curves [21] show how important rising-water periods are and enable the Isère's sedimentary variations to be more accurately discerned (Fig. 2) . Apart from 1995 and 2005, the curves are all fairly similar, and can be superimposed on each other, with all of them remaining within the delineations of 2000 and 2004 (Fig. 2) . Over half the Isère's annual sedimentary transit (from 44% to 71%, depending on the year; 55% on average) is generally transported within a lapse of 30 days, i.e. about 8% of the year. These figures partially agree with, and complete, Meybeck's estimations for the Rhône-Alpine area [20] . The curves also show that 1995 and 2005 were anomalous years, and thus provide an additional means of detecting the possibility of transit having been significantly influenced by work along river banks or in their immediate vicinity. In order to make up for incomplete data (September -December 1998) and be able to estimate sedimentary transits over a longer period of time, a relationship between SM flux and the flow rate of water needs to be established. Relationships such as SM = aQ b , although regularly used in many studies [3, 5, 12, 20, 29] , are poorly demonstrated (with a few exceptions) by daily data from the Isère, even if attempts are made to do so on a monthly or seasonal basis. The oftenclockwise hysteresis of rising-water events is the main explanation for this, as sediments deposited during the previous such event go back into suspension when water level next rises [20, 37, 42] . Setting aside rising-water events, the use of regular, frequent sampling can lead to a large number of different cases, various types of high-water hysteresis, and differing pre-rise basin conditions. Irregular relationships between daily concentrations and observed flow rates are therefore hardly surprising when they concern a relatively large drainage basin located, moreover, in a high-mountain area, where processes of sedimentary supply, contributory zones and pre-flood basin conditions may vary considerably over time and are even partly independent of seasonal influence.
In contrast, taken month by month, mean concentrations and, to an even greater degree, solid monthly flux (Qsm in tonnes month As reconstituted since 1960, fluctuations of monthly and annual flux have increased slightly in amplitude, while remaining within the same general scale of values. Thus, over the 46-year period studied, monthly flux varied by a ratio of 1:333, compared with a ratio of about 1:13 for annual flux. These ratios naturally reflect the importance of rising-water events for sedimentary transit, but above all indicate considerable seasonal variations, intra-annual fluctuations being considerably greater than inter-annual ones. ). Over the period from 1960 to 2005 (Fig. 4) , mean SM export by the Isère, according to the estimations derived from reconstitutions (Qsm + Qsd), amounted to 1.76 Mt yr . Based on a larger number of samples and figures for sedimentary flux given in monthly steps over 46 years, this mean figure thus gives a more accurate revised estimation than that of 2.20 Mt yr -1 reached in a previous study [10] . When solid flow rates of the Isère and the mouth of the Rhône are compared, on the basis of a reconstitution of the Rhône's using the model by Pont et al. [29] , both rivers show fairly similar annual transit variations (Fig. 4) . From 1960 to 2005, the Isère contributed an average of around 11% of the volume of the Rhône's annual flow as measured at Beaucaire, but an average of nearly a quarter of the Rhône's annual sedimentary transit. However, the latter figure hides considerable inter-annual variations on the one hand and a clear tendency on the other towards a drop in the Isère's contribution to the Rhône's SM sedimentary transit, with an average of 35% in the early 1960s, compared with an average of 22% at the beginning of the 21 st century.
Comparisons with other Alpine rivers and streams
The specific annual flux of the Isère, calculated at around 310 t km -2 yr -1 , does not show the extent to which its sedimentary inputs are actually spatially heterogeneous. The Arc supplies the Isère with its greatest quantities by far of SM, particularly via the former's own tributary, the Arvan [19] . The mean specific annual flux of the Arvan exceeds 2500 t km -2 yr -1 for a steeplysloping basin of about 200 km²; at the confluence of the Arc and the Isère this drops to 766 t km -2 yr 1 for a basin of almost 2000 km 2 [19] . Such a difference is by no means unusual for a basin covering a large area [21] , especially when a mountain region of considerable lithological complexity is involved, leading to the geographical diversity of sedimentary inputs. In the Isère river basin, the sector most favourable to sedimentary input is in fact the Maurienne Valley (through which the Arc flows) with its mostly-bare slopes and geological formations highly susceptible to erosion: Lias schist on the Arc's left bank (particularly the Arvan basin) and lustrous shale upstream from Modane. In the northern sector, the basins of the Tarentaise Valley (the upper Isère) appear less erodible due to more extensive plant cover, even where the geological formations are vulnerable ones [14] . Finally, basins located on external crystalline massifs (e.g. the Belledonne Range) are less vulnerable to erosion due to the geological formations' resistance and extensive plant cover.
The mean specific erosion rate of the Isère, lower than the Arc's, nevertheless comes well within the range of 250 to 350 t km -2 yr -1 put forward for the eastern edge of the Pyrenees [36, 37] , and significantly exceeds the European average of between 30 and 80 t km -2 yr -1 [6, 18] . It fits the figures for a number of major mountain water courses whose basins drain comparable areas [21, 33, 34] Over the whole Alpine Arc, in fact, it is in small sectors and drainage basins of the most southerly parts (les Alpes du Sud), especially in areas of black marl, that the highest rates of erosion have been observed, usually ranging between 12,500 and 20,000 t km -2 yr -1 [8] . In local areas figures can even exceed 60,000 t km -2 yr -1 [17] . Such rates of erosion, as measured in the Alpes du Sud, are nevertheless a great deal lower in more extensive river basins. Studies of sedimentary silting at various dams [7, 9] [39] .
Even when confined within the Alpine Arc, however, comparisons are difficult to make properly, as local characteristics specific to each basin have a strong influence on the intensity of sedimentary flux. Basin size is one important explanatory factor, but definitely not the only one. Studies of the sedimentary silting of Alpine dams have moreover partly highlighted this complexity (see above). The Alpine Rhine at Lustenau (Austria) is an extremely good example, since specific annual SM flux exceeds 1800 t km -2 yr -1 there, despite a basin covering an area of over 6000 km² [21] . Conversely the mean annual flux of the Glatt, observed at Rheinfelden in Switzerland, is 8 t km -2 yr -1 for a basin of 416 km² [34] . Similarly, in the Alps of north-eastern Italy the Rio Cordon, with a basin of 5 km², has a mean specific erosion of only 69 t km -2 yr -1 [16] . A study of SM flux in over a score of Swiss Alpine water courses has clearly shown that flux is independent of the area of a drainage basin, and that there is considerable geographical variation in figures, ranging from 8 to over 1500 t km -2 yr -1 for basins covering areas of between 350 and 1500 km² [34] . Comparisons must also be treated with a great deal of circumspection when authors do not give annual means. When, as is frequently the case, inter-annual variations of SM flux are high, such comparisons are actually meaningless. In the Bavarian Alps of Germany, two confluents of the Donau have annual rates of erosion ranging respectively from 2 to 86 t km -2 yr -1 for the Partnach, and from 180 to 1500 t km -2 yr -1 for the Lahnenwiesgraben [35] .
In addition to the information outlined herein and the model of SM flux defined (potentially enabling easier future management of the Isère's sediments), the present study's analysis of the Isère's sedimentary transit, reconstituted for the last four decades, has resulted in a reliable, representative mean figure of sedimentary flux, and thereby made a valuable contribution to a yet-to-be-made synthesis of sedimentary flux on the scale of the whole Alpine area.
Conclusion
Downriver from Grenoble, the Isère no longer seems to export river-bottom sediments [27, 32, 38] . The large number of obstacles built in the beds of the different water courses undoubtedly hinder the transport of solids, to the extent that there are probably no longer any large-sized materials reaching the confluence of the Drac and the Isère. On the other hand, the transit of suspended sediments in the Isère, with a mean annual flux estimated 1.76 Mt yr -1 over recent decades, remains at significant levels.
The contribution of extrapolation to all estimations of sedimentary transit is still, and will probably long remain, a considerable one in this type of evaluation. Concerning the Isère, this is evidenced, moreover, by Pardé's series of estimations [24, 25, 26] , hence the need to specify the sources and methods of evaluation used (measurements or other, the number of samples, figures estimated from a model, etc.) and to link the latter to the figures given. The results presented are the first to have been established for the flux of suspended matter in an important Alpine water course. There are still very few continuous, decade-long data available for the Alps. On the scale of the Isère basin, annual and monthly sedimentary flux is obviously heavily dependent on water volumes. Nevertheless, rising-water periods, during which a significant proportion of annual solid flow is transported, upsets these relationships. In consequence, it would be interesting to improve current knowledge of monthly flux, reached by default, by making further estimations on a daily basis of sedimentary transit produced by such hydrological incidents.
